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ABSTRACT

Analysis of the Microbial Community of Three Sites Along the Rio Grande by Denaturing
Gradient Gel Electrophoresis (May 2014)

Rebeca Imelda Castro, B. A., Texas A & M International University;
Chair of Committee: Dr. Monica Mendez

In the last decades, the increase in population growth and differences in enforcement
regulations on both sides of the Rio Grande may have affected the bacterial composition as a
result of effluent discharges, industrial waste, raw sewage outfalls, and agricultural runoff. The
purpose of this study was to compare structural differences in the microbial communities of the
Rio Grande-Rio Bravo waters based on Denaturing Gradient Gel Electrophoresis (DGGE)
analysis. Three sites were selected based on proximity to anthropogenic influences with the
highest level to the lowest level of potential human impact (from the site furthest downstream to
upstream) as follows: Site 1-Zacate Creek Area located downstream of the Zacate Waste Water
Treatment Plant; Site 2-Bridge I, located upstream of the U.S.-Mexico International Bridge I;
and Site 3- Jefferson Water Treatment Plant Intake located upstream of Site 2-Bridge I. In order
to assess environmental factors potentially affecting the microbial composition at these sites,
physiochemical parameters were determined such as: water temperature, conductivity, pH, depth,
chlorophyll a, optical dissolved oxygen, total nitrogen and total phosphorous. The microbial
community was analyzed using heterotrophic plate counts on R2A agar and by PCR
amplification of the 16S rRNA gene followed by DGGE analysis. Although water quality
parameters were similar, differences between the sites were noted for the microbial communities.
Heterotrophic plate counts were significantly highest (p = 0.0006) at Site1-ZCA and the lowest
at Site 3-JWTP. Based on DGGE analysis, similar trends were observed with the OTU richness
which was highest for Site 1-ZCA (28 OTUs), which had six unique OTUs, and lowest for Site3JWTP. Possible influences could be eutrophic conditions from a build-up of nutrients including
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dissolved organic matter, salts or other inorganic contaminants, most likely from sewage and
waste water discharges nearest Sites 1 and 2. Results suggest that general water quality
parameters may not be sufficient in determining potential anthropogenic impacts on the
microbial community, and that other factors not assessed in this study could be impacting the
bacterial richness and diversity of the Rio Grande.
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CHAPTER I
INTRODUCTION
The Rio Grande, the fourth largest river in the U.S, extends 3,000 km from the San Juan
Mountains in Southwestern Colorado and empties into the Gulf of Mexico. It is a major water
source for 2,018 km along the U.S.-Mexico border. The Rio Grande-Rio Bravo is a natural
boundary between the U.S. and several northern Mexican states with a very small stretch
between Dona Ana County, NM and El Paso County, TX.
Due to the intensive water demand from Colorado, New Mexico, and West Texas, the
river runs dry most of the year from Fort Quitman to Presidio; this area is known as the forgotten
reach of the Rio Grande-Rio Bravo. The lower Rio Grande-Rio Bravo basin from Fort Quitman,
Texas to the Gulf of Mexico has become a separate watershed whereby our water source
originates from the Rio Conchos in the state of Chihuahua, Mexico and the Pecos River from the
state of New Mexico, U.S.A. (Figure 1.1).

Figure 1.1 U.S. Corp of Engineers. (2008) Forgotten reach of the Rio Grande, Fort Quitman to
Presidio, TX Section 729 [map]. Prepared by the Albuquerque District, N.M.
____________
Thesis formatted for the International Society for Microbial Ecology Journal (ISMEJ).
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Environmental perturbations resulting from anthropogenic effects and natural
disturbances have led to chemical and biological pollution of its water. Differences in disposal
regulations and enforcements on both sides of the border along with domestic activities, farming,
agriculture, and industry have increased the contamination of potential water supplies in the
tributaries and main river waters along the border. The Rio Grande–Rio Bravo is no longer the
primary watershed for this bi-national semiarid region and ground water supply is only estimated
to last 20 years (Mendoza et al., 2004). Use of the Rio Grande waters include: industry,
agriculture, domestic water supply, recreation, and as a wildlife habitat for both countries on the
border. It has become a repository for infectious organisms and toxic contaminants from sources
such as: improperly installed and unmaintained septic systems, landfills, and injection wells, land
application of waste, irrigation, runoff, and animal feeds (Flores Margez et al., in press).
Agrochemicals, pesticides, heavy metals, arsenic, and PCB’s (presumably from illegal dumping,
agriculture, and maquiladora activities) have been detected in the river and have been associated
with fish deformities, leukemia, and congenital malformations in humans (Mendoza et al., 2004).
Human impact on the Rio Grande
The Rio Grande-Rio Bravo continues to be used by many people as a recreation area, and
it also provides a habitat to a variety of wildlife. The continued discharges have been linked to
border health issues, wildlife birth defects, and deaths. In the last decades, there has been a rapid
growth in the economy and population of areas near border cities, creating a tremendous increase
in pollution and water demand on the Rio Grande-Rio Bravo (Mendoza et al., 2004). The
primary human impact on the Rio Grande waters has been extraction for municipalities and
agriculture. Over-exploitation of aquifers along the Rio Grande-Rio Bravo led to a shortage of
water supply and decline in water quality, mostly through salt contamination. This led to the
codicil treaty of 1944 during the salinity crisis in 1961-1973 (Shmueli, 1999). The secondary
impacts have been the contamination of surface (including runoff) and ground waters from
untreated urban wastes, industrial pollution from refineries, mining, and manufacturing
productions (Shmueli, 1999).
The North American Free Trade Agreement (NAFTA) agreement brought attention to
unresolved border issues since the salinity crisis, along with urban and industrial wastes issues
relevant to the Rio Grande-Rio Bravo basin. The Lower Basin has had a greater concentration of
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urban development in the last decades on both sides of the border since NAFTA. Increased trade
propelled the environmental crisis on the already existing conditions (secondary impacts,
previously mentioned), including water pollution which became a major foreign policy issue
(Shmueli, 1999; Sanchez-Munguia, 2011). Within the last decade, one of the major issues was
the high levels of water extraction; 10,142 million m³ of a total volume of 12,059 million m³ of
available water in the Rio Grande-Rio Bravo was extracted. Currently, in twenty-five border
counties in the U.S., the amount of surface water only reaches 59.5 % of the demand and the
remaining 40.5% needed is extracted from groundwater (Sanchez-Munguia, 2011). This demand
increase was especially noted in the states of Chihuahua, Mexico and Texas, which will have
serious long-term consequences (Sanchez-Munguia, 2011). The Mexican side of the U.S.Mexico border region within Texas will have an increasing water demand as it has become a
magnet for people from the interior of Mexico seeking employment.
As a result of the trade agreement, the Rio Grande-Rio Bravo became the seventh most
endangered river in the United States. Although NAFTA’s economic policies stimulated growth
and manufacturing of maquiladoras, pending economic and pollution problems were enhanced
and have affected both sides of the U.S and Mexico border (Shmueli, 1999). Water quality
issues, water extraction and untreated sewage are a major problem because of different treatment
standards. Mexico has a lower standard than that of the U.S. and is limited in terms of financial
support for upgrading their sewer systems. The International Boundary and Water Commission
(IBWC) and Comision Internacional de Limites y Aguas (CILA) were created to address these
water quality issues along with institutions such as: Commission on Environmental Cooperation
(CEC), Border Environmental Cooperation (BECC), and North American Development Bank
(NADB) to address emerging environmental conflicts comprehensibly (Shmueli, 1999).
The management of the water resources on borderlands is crucial for both human
dominated urban areas and the natural ecosystems around them. Some areas have been proposed
for the next steps in bi-national cooperation in the development of water policies for both
countries such as: market (with regulation) driven water pricing, tax incentive policies for water
conservation, bi-national management of aquifers, improvements in water and wastewater
infrastructure, and amendment of the surface water treaty of 1944. Additionally, a bi-national
interdisciplinary commission aimed to develop and set policy is in the planning phase. This
commission would be responsible for promoting an enforcement of environmental laws,

4
encouraging friendly migratory policies, and private investments in drinking water or waste
water treatment facilities (Sanchez–Munguia, 2011).
Contaminants in the Rio Grande waters have been reported by agencies such as Texas
Commission on Environmental Quality (TCEQ), International Boundary and Water
Commission-IBWC, and the United States Environmental Protection Agency-EPA. The main
contaminants found by these government agencies were: arsenic, copper, nickel, chloride, unionized ammonia, and phenolic compounds. In a study by Mendoza et al. (2004), the chemical
toxicity levels were determined by Bostford’s chemical toxicity assay which was standardized by
using a variety of toxins. According to this method, any samples that showed 50% or greater
inhibition was considered toxic. The toxicity levels ranged from 0- 94% of inhibitory capacity
(IC) overall with each of the ten sites sampled along the Rio Grande, from Sunland Park, NM to
Fort Hancock, TX (112 km distance), resulting in values exceeding the IC (Mendoza et al.,
2004).
Scientific studies have confirmed that the contamination/pollution of the Rio Grande-Rio
Bravo continues to be a problem. During a three year period from 1994 to 1997, a study was
conducted in the Texas, USA–Tamaulipas, Mexico border where high concentrations of
pesticides and heavy metals were found to be greater than those encountered in the 1980’s and
1990’s (EPA, 1994). In a two year study from 1992-1994 by TECQ/IBWC below Amistad and
Ciudad Acuña, diedrin, and DDT were found in the main stream and a tributary. Above Laredo
and Nuevo Laredo the tributaries brought in high levels of five pesticides that included DDE,
diazinon, dieldrin, and chlordane; diazinon was found in Zacate Creek at levels that were acute
and chronic for aquatic life. In the low portion of the river downstream was chlordane. All the
chemicals were found to be in excess of the national standards in the lower half of the basin and
detected on fish tissue, sediment samples, and diazinon in the Zacate Creek. Downstream of Del
Rio/ Ciudad Acuña to Laredo/Nuevo Laredo PCBs were very high in fish tissue in the river at
five locations and in the San Felipe creek south of Del Rio (EPA, 1994).
A study by Rios-Arana et al. (2003) confirmed the presence of heavy metals in water and
sediments along the area of El Paso, Texas and Juarez. Dissolved zinc (Zn) was found to be at
0.105 mg/l, lead (Pb) was found at 0.007 g/l, arsenic (As) was at 0.022 mg/l, and copper (Cu)
was at 0.008 mg/l; all levels were higher than the acceptable ranges by EPA based on acute and
chronic levels for freshwater. In the year 2007, Carlos Rubinstein, Rio Grande Water Master and
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Area Director for Texas Commission on Environmental Quality (TCEQ) Region 15, stated that
the situation in the Rio Grande was improving due to changes in the infrastructure on both sides
of the river. Water quality on the Rio Grande is influenced by many elements, and the U.S. can
only control some of these elements, according to Rubenstein (McEver, 2007). Wastewater and
agricultural runoff still continue to be a problem for Mexico. Although, improvements such as
dissolved oxygen levels in the Gulf of Mexico have improved from 1996 to now, but according
to TCEQ continued monitoring is imperative (McEver, 2007). Water quality of the Rio Grande
is a major aspect that concerns people and governments of both countries, U.S. and Mexico.
From El Paso Texas to the Gulf of Mexico, the Rio Grande has always been extremely important
because it represents a natural strategic boundary for both countries. At the same time it benefits
both productive regions, the Southwestern U.S. and northern Mexico. Its flow and water quality
have a direct impact on human consumption, industrial activities, recreation, riparian, and
estuarine habitats; in this case, its main human impact is due to irrigation which accounts for
more than 80% of water supplied by the Rio Grande. Environmental perturbations caused by
urban outfalls (sewage outfalls, storm water runoffs, etc.) and natural disturbances (flood,
droughts) might alter the existing bacterial community affecting the water quality of a bi-national
drinking water source (Winter et al., 2007). The Rio Grande has shown a tremendous
deterioration by contaminants coming from irrigation ditches, shallow or non-operating drainage
ditches, and urban outfalls, etc., all of which are currently used in conducting effluents from
wastewater treatment plants in both countries along the border. Water quality in the Rio Grande
has been studied intensively in the last decade in response to the diminished water supply caused
by increase population growth, economic expansion, and prolonged drought. The transformed
wastewater known as grey water is used for irrigation and crop production (Flores Margez et al.,
in press). The presence of colonias (unincorporated and economically disadvantaged
communities), deficient wastewater disposal methods, improperly treated sewage used for
irrigation or disposal, the vast number of maquiladoras (international industries in Mexico), and
differences in enforcements of disposal regulations among both countries have resulted in human
activities contributing to the contamination of the Rio Grande as a water supply.
According to TNRCC (1994), the major causes of pollution in surface waters in Texas
are elevated levels of bacteria, low dissolved oxygen, high salinity, and toxins such as organics
and metals. These activities contribute to higher indices of infectious diseases and illnesses such
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as cholera, amoebiasis, hepatitis A, salmonellosis, shigellosis, giardiasis, ascariasis and other
diseases that are not uncommon in the border region. The Texas Department of Health showed
hepatitis A, salmonellosis, dysentery, cholera etc. occur at a higher rate in colonias than in Texas
as a whole (Mendoza et., al 2004). Vector borne diseases are also affected by prolonged
droughts and ambient temperatures. The incidence of dengue fever had important differences
between the two nations, U.S. and Mexico, in spite of their border proximity. In three Mexican
states, 65,514 cases were reported from 1980-1999, while in Texas only 64 cases were reported
during the same time frame. This has been attributed to different standards of living amongst
border cities (Bandala and Holland, 2011). Adoption of better management practices and polices
when dealing with multiple use and abuse of the water quality in a river has created conflicts, but
sound scientific data is necessary when dealing with pollution sources, especially bacterial
pathogens. It is therefore critical to establish their life history and survival in a river’s aquatic
ecosystem (Meays et al., 2004).
Microbiology of the Rio Grande
The continual influx of pollutants into the Rio Grande from various sources potentially
alters the bacterial community. The constant exposure to these contaminants alters
environmental conditions, thus changing a bacterium’s cellular processes and functions as it
adapts to tolerate exposure to environmental agents and their interactions (efflux, complexation,
or reduction of metal ions, etc.) (Ibekwe and Lyon, 2007; Mgbemena et al., 2012; Wakelin et al.,
2008; Wu et al., 2009). Increases in bacterial populations by point sources (effluent discharges)
and non-point sources (sewage outfalls) impact the Rio Grande, directly affecting wildlife,
livestock, and human health. During the last decade, studies on the Rio Grande have indicated
that dwindling water has been caused by overpopulation, drought conditions, and economic
expansion. With this, the concentration of contaminants may have a confounding effect on
biological communities. Continuous monitoring of the microbial and chemical composition is
important to assess the condition of the water and prevent further spread of diseases by
identifying non-point sources of contamination (Flores Margez et al., in press)
Current knowledge of the microbiology of the Rio Grande-Rio Bravo is primarily based
on public health concerns for water quality. This includes prevailing pathogens present in
animal manure, human fecal matter, and domestic animals because they are problematic in many
water resources around the world (Ibekwe and Lyon, 2007). For decades, total coliforms, fecal
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coliforms, E. coli, and the microorganisms from the family Enterobacteriaceae have been used
as water quality and health risk indicators. These groups of bacteria are found in the intestines
and feces of warm blooded animals, including wildlife, livestock, birds, and humans. They are
not considered pathogens such as those from the genera Salmonella, Cholera, Yersinia, Shigella,
and others; however, they are still disease-causing microbes. The coliform group of bacteria
were selected as water quality indicators because they were accessible, less costly to cultivate,
and far less selective for nutritional requirements. They are also far more resistant to
chlorination treatments than pathogens, making them easier to enumerate. Escherichia coli
continues to be used as the most common indicator of fecal contamination, so as the bacterial
numbers increase in waters so does the risk of gastrointestinal diseases.
Previous water quality studies have determined that there is a considerable level of fecal
and chemical contamination in the Rio Grande. According to the Texas Surface Water Quality
Standards by TCEQ, the level of fecal coliform in the Rio Grande surpassed the acceptable
standard for contact reaction water in Texas. For fecal coliforms, the standard is 200
CFU/100ml, and for E. coli, the standard is 206 CFU/100 ml (geometric mean) or 126 MPN/100
ml (most probable number) (Mendoza et al., 2004). E. coli continues to be used as the most
common indicator of fecal contamination, so as the bacterial numbers increase, so does the risk
of gastrointestinal disease. In 1992 to 1993, phase I of a bi-national study was conducted to
investigate the effect of toxins found in the Rio Grande-Rio Bravo on the aquatic ecosystem.
During this study, 45 stations were analyzed for toxic chemicals; out of the 153 chemicals tested
concurrently, 35 chemicals resulted with exceedence levels. The chemicals found were:
unionized ammonia, residual chlorine, parachlorometa-cresol, phenols, phenolics, chlorophorm,
antimony, arsenic, chromium, mercury, selenium, silver, thalium, diazinon, bis (2-ethyhexyl)
phthalate, diethyl phthalate, and cyanide all detected in the Rio Grande-Rio Bravo water (IBWC,
1994). Given the level of fecal contamination and chemical contamination of the Rio Grande in
past studies, these waters may be consistently influenced by anthropogenic pollutants. The effect
of this on the microbial community as a whole, along with potential secondary impacts, is
relatively unknown.
As previously mentioned, two studies examined both bacterial and chemical pollutants in
the Rio Grande (Mendoza et al., 2004; Flores Margez et al., in press). The toxicity of Sunland
Park (on the border of Texas and Mexico) examined the presence of E. coli and fecal coliforms
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in Rio Grande-Rio Bravo waters along with chemical contaminants. In addition to elevated
levels of both categories of fecal originating bacteria, elevated levels of agrochemicals,
pesticides, heavy metals, arsenic, and PCBs were present in all seven sites tested. The origins of
these chemicals were possibly from illegal dumping, agriculture, and maquiladora activities.
Most pesticides, herbicides, heavy metals etc. have been shown to reduce microbial activity and
populations when exposed to elevated levels (Mgbemena et al., 2012). Microbial communities
affected by these contaminants may directly or indirectly affect human health. It appears that
fecal bacteria may be tolerant of high levels of contaminants. Therefore, more efficient ways to
monitor and assess rivers must be continued (IBWC, 1994). In recent years, concerns with water
quality in the Rio Grande have increased due to the contamination of drinking, surface, and
ground waters on the Rio Grande-Rio Bravo basin by Cryptosporidium and other pathogens via
waterborne transmission; these pathogens were also detected in the Sunland Park study
(Mendoza et al., 2004).
Environmental mycobacteria, commonly referred to as nontuberculous mycobacteria,
atypical mycobacteria, or other than tuberculosis, have been involved in human diseases such as
nosocomial infections as well as pulmonary and disseminated diseases in immuno-compromised
patients. A study by Bland et al. (2005) was the first attempt to correlate environmental
conditions with the presence and proliferation of environmental mycobacteria in a major
freshwater river. This was also the first known study using molecular techniques to examine
bacterial populations in the Rio Grande. Mycobacteria were implicated in outbreaks and pseudo
outbreaks in various health care settings, originating from treated drinking water related to hot
water systems, ice machines, swimming pools, hot tubs, raw milk, and water damaged buildings.
Environmental mycobacteria are intrinsically resistant to chlorine and other frequently used
water treatment chemicals, surface disinfectants, and antimicrobial agents; therefore,
mycobacteria are able to colonize a wide range of areas. The sites were chosen by TCEQ for this
study and covered a span of 95 kilometers. Of the 264 water samples with mycobacteria present,
only two samples were not identified as having environmental mycobacteria. Thirty seven
isolates were selected because they represented PRA (PCR restriction analysis) and were
analyzed by 16S ribosomal RNA gene sequencing; 23 of the 37 isolates were matched to >99%
homology to mycobacterial species (Bland et al., 2005). Pathogenic M. avium and M. kansaii
were isolated, but the most abundant and more commonly identified bacterium was M. fortuitum
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complex. One third of the environmental mycobacteria isolated were unidentified, which means
these were new species or subspecies (Bland et al., 2005). Since the advent of DGGE of PCR
amplified 16S rRNA gene, it has become a fingerprinting technique widely applicable in a
variety of environments. DGGE has overcome the limitations of traditional culture because of
its dynamics in recovering species richness and diversity in microbial assemblages from
phylotype to genus-specific bacteria present per DNA band (Chakravorty et al., 2007; Dumestre
et al., 2001; Gafan et al., 2005; Holben et al., 2004).
The Family Enterobacteriaceae continues to be used as a water quality indicator and
Mycobacteria are known as opportunistic pathogens. Still, by targeting these specific bacterial
groups, many microbial community analyses fail to assess the diversity within a bacterial
community from an environmental sample. Bacteria are part of a larger complex community or
ecosystem with the capacity for co-dependence on other members of the community; therefore,
traditional culturing techniques fail to accurately reflect the large microbial diversity present in
an environmental sample (Hope, 2004). A thorough assessment of the microbial community
with physiochemical parameters on the Rio Grande border would be an important tool for
discerning water quality, preventing spread of diseases, and identifying non-point sources of
contamination which are difficult to identify and quantify (Meays et al., 2004; Mendoza et al.,
2004).
Physiochemical characteristics influencing river ecosystems
Rivers are the most important freshwater resources for mankind. Permanent rivers
flowing through arid and semiarid regions, such as through the Rio Grande-Rio Bravo region,
have very unique characteristics: the headwaters are fed by distant snowpack mountains or
tropical monsoon rains. Hundreds of kilometers downstream, the local climate is semi-arid, and
upstream, the river is held in reservoirs thus making human settlements possible. Irrigated
agriculture and cattle ranches become the backbone of the local economy providing food and
jobs (Schmandt, 2010). Villages and cities are built and social, economic, and political
development is attributed to the availability and distribution of freshwater from riverine systems
(Baxter, 1977). River usages can be summed up as follows: as sources of drinking water,
irrigation of agricultural lands, industrial and municipal water supplies, municipal and industrial
waste disposal, navigation, fishing, boating, body contact recreation, and aesthetic value
(Meybeck et al., 1996).
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Rivers are complex systems of running waters that drain specific land surfaces which are
defined as river basins or watersheds. Their characteristics are related to the number of features
they possess such as size, geological characteristics of the basin, form, and climatic conditions
that determine the amount of water drained by a river network. They are also classified
according to the type of flow regime (system) and the magnitude of discharge. The flow systems
are dependent on natural impoundments, lakes, dams, or water storage. Flow characteristics are
determined by the amount of soil infiltration due to canalization and water requirements for
urban and agricultural usage. Rivers drain watersheds of various dimensions achieved by a
series of dendritic networks of streams and rivers which represents the flow of drainage water.
Climate is a crucial factor in determining river discharges, because it causes large fluctuations.
Vegetation influences the amount of river discharges because it sways the amount of surface
runoff and fluctuation in areas covered with large vegetation (Meybeck et al., 1996).
In the absence of any human impact, the concentrations, proportions, and transport rates
of dissolved substances in a river vary from place to place. These are dependent on sources,
pathways, and its interaction with particulates such as leaching of organic matter in soils which
generate nitrogen from ammonium (NH4+), dissolved organic carbon (DOC), and dissolved
organic nitrogen (DON). Anthropogenic sources of ammonium that influencing water chemistry
are largely from municipal discharge containing wastewater effluent. Discharge of polluted
effluent into rivers is of concern where drought conditions are rampant as is a problem within the
recharge area of the Rio Grande-Rio Bravo. With a large influx of effluent waters from waste
water treatments plants, drought impacts on water chemistry may be exacerbated. Most effluent
discharges have high levels of ammonium of which only a small amount is oxidized by the
treatment plants. Ammonium oxidation and the decomposition of organic matter within a
receiving water can have a draw-down effect on dissolved oxygen with potential detrimental
consequences for the aerobic microorganisms (Wakelin et al., 2008). In this study, Site 1 and
Site 2 (Figure 2.4) are noted for anthropogenic influences (sewage, storm water runoff, and
effluent discharges) which might potentially affect natural processes. Synthetic compounds
(mostly organics) such as solvents, pesticides, aromatic hydrocarbons, etc. follow the same
pathway but most urban pollutants enter rivers as point-sources from treated or untreated sewage
effluents (Figure 2.4) (Meybeck et al., 1996).
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Flowing waters compose a group of complex ecosystems consisting of different habitats
(biotypes) and biotic communities (biocoenoses). The physical structure of the ecosystem is
divided into the water body, the stream bed (aquatic zone), the water exchange zone (lentic zone
and flood plain) and the terrestrial zone as it is influenced by water (Meybeck et al., 1996). The
aquatic zone is the most important when dealing with water quality. Each zone is characterized
by its hydrological features which influence, directly or indirectly, the biological communities
that flourish there. The characteristic of each habitat varies from the head waters to the sites of
the eventual discharge to receiving waters; consequently, the microbial communities also vary
from site to site and along the length of the river (Meybeck et al., 1996). For microbial
communities to have a successful colonization in flowing water ecosystem, living organisms
have evolved mechanisms to establish growth patterns and survival techniques, to exploit refuge
spaces and boundaries, and to move along with prevailing currents. In a flowing water
ecosystem, continuous water flow allows any input, such as effluent discharges, to impact the
river locally as well as downstream of the river flow. Also, physicochemical characteristics are
particularly important in delineating the biological nature of river systems such as: substrate,
light, flow rate, erosion, and deposition (Meybeck et al., 1996). These factors are influenced by
the water quality depending on the river location (station) such as the proportion of surface and
ground water runoff, processes that govern the internal reactions of the river systems, the mixing
of water from tributaries with different water quality (heterogeneous river basins), and inputs of
pollutants.
Water quality is crucial as defined by the Clean Water Act, since it describes the health of
a body of water or resource with set standards for purity to sustain fish, shellfish, and wildlife
populations in aquatic environments. These standards are enforced by state authorities to ensure
the water body is beneficial to its citizens for recreation, swimming, and fishing. These
standards include assessing water quality criteria for physical, chemicals, and biological
variables intended for various uses (drinking, recreation, and supporting aquatic life) (Wenner et
al., 2001). Some water parameters include: temperature, dissolved oxygen (DO), biological
oxygen demand (BOD), chemical oxygen demand (COD), pH, total suspended solids (TSS),
conductivity, total coliforms, nitrate-nitrogen (NO3¯-N), ammoniacal nitrogen (NH4+-N),
inorganic dissolved phosphorous (PO43--P) etc. (Table 1.1) (Wenner et al., 2001).
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Table 1.1 Values for natural dissolved elements and nutrients from unpolluted rivers. The
values represent the distribution from 2% to 98% of natural dissolved elements which 10% to
90 % are nutrients (Taken from Horne and Goldman, 1994).
Physicochemical factors

Background Levels Unpolluted Rivers

N-NH4+

0.005-0.04 mg/L

Ammonia (NH4)

0.005-10.0 mg/L

NO3

0.05-0.2 mg/L,

0.05 mg/L

0.003-7.0 mg/L
N-NO3

1.0,5.0 mg/L

N organic

0.0-1.0 mg/L

1.0 mg/L

P-PO3-4

002-.025 mg/L

0.1mg/L

Soluble Phosphate (PO4)

0.001-1.00 mg/L

0.01.mg/L

Sulfate (SO4)

0.4-290.0 mg/L

20.mg/L

Specific conductivity
common rock types

35-400 µS cm -1

rare geological rocks present 5.7-29.1 µS cm⁻1
Evapotranspiration

2,230 µS cm-1

pH

3.7-8.0

The Rio Grande- Rio Bravo serves as a major water source for both the U.S. and Mexico
and falls under the criteria for drinking, recreation, and aquatic life support. It has been found
that nitrate and/or nitrite concentrations of 0.2 mg/l (Table 1.1) or greater encourages
eutrophication. Natural concentrations of nitrate in surface waters rarely exceed 0.1 mg/l as N,
but waters influenced by human activity may contain up to 5 mg/l as N with levels over 5 mg/l as
N indicating pollution by animal, human waste, or fertilizer runoff (Wenner et al., 2001).
Currently, there are no official standards for phosphorus, but a 0.1 mg/l maximum to prevent

13
accelerated eutrophication. Natural background levels have not been established for phosphorus
concentrations, but if values are higher than the established, this may be related to anthropogenic
discharges (Wenner et al., 2001).
In aquatic ecosystems, whole bacterial populations play an essential role in the
transformation and demineralization of nutrients in order to maintain the energy flux. They are
also important in the biodegradation of allochthonous (out of the river stream) substances such as
pollutants originating from human activities (Araya et al., 2003). Some of these pollutants may
affect the physical characteristics of rivers such as temperature, turbidity, and total suspended
solids (TSS) which originate from human activities (deforestation, agriculture, water use for
cooling etc.).
Fecal contamination continues to be a major water quality issue in many developing
countries; it applies both to urban and rural areas, but most of all in fast-growing cities where
population growth far exceeds the wastewater collection and treatment facilities. The release of
untreated domestic or industrial wastes high in organic matter contribute to a marked reduction
in oxygen concentration along with the release of ammonia and nitrate downstream of the
effluent input; these effects are directly related to the ratio of effluent load to river discharges and
consequently cause what is known as the oxygen sag. The result of eutrophication in a running
river is the result of increased levels of phosphate and nitrogen from developed countries. In
small rivers, macrophyte populations are increased, while in large rivers, phytoplankton is more
common than macrophytes. In large rivers the chlorophyll levels have reached up to 200 mg /m³
as in River Loire in France or the Rhine River in Germany. In a slow flowing river, excess in
phytoplankton growth leads to problems affecting direct drinking water source intakes and
treatment processes. This leads to marked variations in dissolved oxygen and pH in rivers
throughout a 24 hour cycle when high levels of organic wastes are released, causing the O2
saturation to be much lower and the peak for O2 never reaching 100 percent saturation.
Eutrophication stresses fish due to the release of gaseous NH3 in high pH areas which becomes
highly toxic for fish (Meybeck et al., 1996).
In addition to fecal contamination, increased concentrations of mineral salts are observed
and originate from mining waste waters or salt mines, certain industrial wastewaters, evaporation
and evapotranspiration in river basins of arid, semiarid, and sub arid regions. In industrial and
mining sites, the main ions elevated are: Cl⁻, Na⁺ from potash and salt mines, SO4²⁻ from iron
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and coal mine wastes, Na+ and CO32-from industrial wastes. During evaporation, all ions are
affected and calcium carbonate reaches saturation levels in calcium sulphate rich waters or
sodium chloride rich waters. Human activities also contribute to ion increments such as
domestic waste water inputs, atmospheric pollution, de-icing salts, and fertilizer run offs.
Changes in ionic content influence changes in pH level: mine waters are acidic pH ≤ 3.0,
industrial wastes may produce basic or acidic conditions; and salinity raises the alkalinity levels.
Human activities along with other pollutants such as trace elements, nitrate, and organic micro
pollutants affect a river’s hydrology directly and indirectly. These cause modifications in the
aquatic environment and at times the chemical characteristics of the river are not altered but it
leads to the loss of biological diversity, making biological monitoring a must (Meybeck et al.,
1996).
Determining the microbial community
Microorganisms are key players in important ecological processes having diverse, highly
specific, metabolic, and environmental requirements. In aquatic ecosystems, microbial groups
need close proximity to other bacteria for growth. Distinct but cooperative microbial groups
help sustain the balance between autotrophy and heterotrophy resulting in ambient oxygen
concentrations and the dynamics of biogeochemical cycles. Species of microbial communities
facilitate mutualistic interactions where growth, reproduction, and biochemical cycling are
performed more effectively and efficiently in groups than by individual populations (Pearl and
Pinckney, 1995; Wade, 2002). Culture based methods fail to recuperate the whole bacterial
community due to lack of nutrient availability, culture mediums that might be toxic, and other
bacteria that may produce inhibitory substances during incubation limiting recovery. Over the
past decades, molecular techniques have allowed for the study of mixed bacterial communities in
their entirety without the biases of culture methods facilitating the understanding of the bacterial
function, diversity, species richness, and distribution in aquatic ecosystems (Cebron et al., 2004;
Wade, 2002).
Traditional culture based methods are important in helping investigate the microbial
ecology of naturally and anthropogenic ally impacted aquatic ecosystems, but they are limited as
to the recovery and identification of the microbial genetic diversity because this approach selects
certain groups from the microbial community based on the selected medium (Rastogi and Sani,
2011). A culture based approach fails to recover all of the strains of bacteria that are responsible
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for the effects or present changes in the bacterial community. Traditional culture based methods
might also limits those organisms that help maintain the livelihood of the bacterial community
and the bacteria considered as pollution indicators. Most community bacteria found in rivers,
lakes, or marine samples have not been cultivated and identified. The vast majority of bacteria
has not been isolated, identified, or characterized mainly due to the lack of knowledge of how
these organisms survive and grow in natural habitats. These microorganisms are those that, due
to their selective nutritional requirements, are not easily recovered using a cultivable approach.
Bacteria are part of a larger complex community or ecosystem with the capacity for codependence on other members of the community; therefore, traditional culturing techniques fail
to accurately reflect the large microbial diversity present in an environmental sample (Hope,
2004). In the last two decades, molecular techniques have circumvented the need for traditional
isolation and cultivation and have become a highly desirable tool for in-depth characterization of
microbial communities (Rastogi and Sani, 2011). Denaturing Gradient Gel Electrophoresis
(DGGE) has become an attractive and dependable profiling alternative because it is faster, lessexpensive, and less labor intensive than sequencing and it allows for highly replication of
bacterial communities (Singh and Ramaiah, 2011). Molecular fingerprinting techniques utilizing
(DGGE) methodology allows for the recovery of cultivable and non-cultivable bacteria for a
total and complete assessment of those unknown and uncultivable bacterial communities. It also
detects those bacteria that are contributing to rapid changes in the bacterial community and
which are not retrieved using a traditional culture dependent approach. A culture dependent
approach limits the recovery of those bacteria responsible for changes in the community overall
(Calabria de Araujo and Schneider, 2008; Ibekwe and Lyon, 2007; Lyautey et al., 2005).
It is a challenge in modern microbial ecology to effectively and accurately assess the total
bacterial composition and diversity particularly of uncultivable and fastidious bacterial species
known as being viable but non-culturable. It has been found that only 0.1% to 1.0% of bacteria
are recovered by direct enumeration procedures. A considerable majority of microbial ecologists
agree that full microbial diversity has not yet been determined, leaving a gap between actual
cultivable organisms and direct estimates of the microbial biomasses and diversity (Holben et al.,
2004). The dawning of culture independent techniques has transformed the field of
microbiology and microbial ecology (Hope, 2004). The new approaches allow us to understand
the connection of ecological processes and anthropogenic contamination in the environment with
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emphasis on specific microbial communities’ structures, functions, and its effects on public
health (Rastogi and Sani, 2011).
The water quality of the Rio Grande-Rio Bravo is important for those communities that
depend on the river for drinking water, recreation, agricultural irrigation, and industrial use.
Currently, besides traditional culture based and biochemical approaches for identifying
microorganisms, bacterial source tracking (BST) or microbial source tracking (MST) is used and
consists of several sub-type methods that fall into three main groups: molecular, biochemical,
and chemical. As of today there is no standard method used for bacterial source tracking, but
there are a number of common and different molecular methods currently in use such as:
ribotyping, pulse-field gel electrophoresis (PFGE), randomly amplified polymorphic DNA
(RAPD), denaturing-gradient gel electrophoresis (DGGE), temperature gradient gel
electrophoresis (TDGGE), repetitive DNA sequences (Rep-PCR), length heterogeneity PCR
(LH-PCR), terminal restriction fragment length polymorphism analysis, and antibiotic resistance
analysis (ARA). All of these molecular techniques have been applied in both environmental
fields for watershed analysis, food analysis, and in the clinical field for analysis of microbial
communities that inhabit the human body but, like all methods they come with advantages and
disadvantages as well (Gafan and Spratt, 2005; Meays et al., 2004; Wu et al., 2009).
The bacterial 16S rRNA gene contains nine hyper-variable regions (V1-V9) that show
sequence diversity among different bacteria. Species-specific sequences within a hypervariable
region form useful targets for diagnostic assays and other scientific investigations. No single
region can differentiate among all bacteria; therefore, systematic studies that compare the
relative advantage of each region for specific diagnostic goals are performed (Chakravorty et al.,
2007). DGGE helps estimate the number of dominant phylotypes in a given sample (Singh and
Ramaiah, 2011). Single nucleotide sequences (differences) are always resolved. However,
sequence changes away from the ends of the DNA fragment may not result in the same changes
in DGGE migration. This internal sequence differentiation is likely observed when examining
natural bacterial communities, so co-migration is very likely to occur because not all sequences
changes in the 16S rRNA fragments can be detected (Jackson et al., 2000). The DNA bands are
then excised from the gel, and the DNA is extracted followed by cloning and sequencing. The
phylotypes are then compared with known species available in an appropriate database revealing
the most prominent and actual species present in that community (Meays et al., 2004; Singh and
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Ramaiah, 2011). DGGE also allows for comparison of community composition over time where
variations in band patterns are indicative of the appearance and disappearance of bacteria from
that community attributed to environmental factors (Calabria de Araujo and Schneider, 2008;
Gafan and Spratt, 2005; Lyautey et al., 2005; Meays et al., 2004; Winter et al., 2007; Wu et al.,
2009).
Most molecular studies have been directed to the study of phylogenetics, but studies
geared towards DNA-DNA pairing, are phenetic in orientation. By examining the fragment
sizes, the DNA based bands on the gel allows to determine differences in DNA of each isolate
(Boxall, 1999). Genomic data can provide phenetic results since phenetic relationships are not
necessarily phenotypic; phenetic relationships strictly estimate overall resemblance, not time,
while cladistic relationships strictly estimate time to common ancestors, not resemblance or
surrogates for time and resemblances (Sneath, 1995).
The phenetic relationships obtained from DGGE analysis are based on the percentages of
guanine and cytosine (G+C) in DNA, which separates species or, in this case, phylotypes that
have a hierarchical relationship (Sneath and Sokal, 1973). Hierarchal connections are especially
obvious in the biological domain e.g. such as gene ontology where genes are classified into
hierarchies of biological processes and or molecular functions. The UPGMA is one of the most
frequently used hierarchal clustering formulations. It is very popular in the fields of gene
expression and protein sequence clustering. In most cases, similarity coefficients based on
coding data are favored more because of its simplicity and if the information (similarity
measures) is coded correctly, these measures of similarity are applicable to natural measures of
similarity or distances between fundamental genetic units, such as amino acid or nucleotide
sequences.
The objective of this study was to sample and analyze the bacterial community
composition of three sites along the Rio Grande to determine if differences in environmental
factors influenced by anthropogenic impacts (effluent discharges and urban outfalls) have an
effect on the bacterial community composition. For the three sites physiochemical parameters
and bacterial counts were determined to observe for factors that could influence changes in the
bacterial composition in the water column affecting the overall quality of the water. The
bacterial community composition was also analyzed using DGGE analysis, a genetic
fingerprinting technique by PCR amplification of the 16S rRNA gene.
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CHAPTER II
MATERIALS AND METHODS
Site background and study area description
Samples from the study sites from the Rio Grande were all collected on April 6 th, 2012
with a temperature of 26.3°C, typical of the Spring season in the South Texas area. The Rio Grande
exhibited a flow of 43.0 m3/s (IBWC, 2012) which is the average flow for April but is dependent
on the releases into the Amistad Reservoir, located upstream, and the Falcon Reservoir, located
downstream, of the study areas (Torres et al., 2012). The year to date precipitation was 3.23 cm
as of the month of April. Three study sites were selected to assess if any man-made influences
such as effluent discharges (from WWTP), urban, and agricultural runoffs have a direct influence
on the water quality and microbial community. Physiochemical factors may result in changes to
the bacterial composition affecting the overall quality of the water (Abasiofiok et al., 2011;
Mendoza et al., 2004; Poitelon et al., 2010; Winter et al., 2007).
Three sampling Sites 1-3 (Figures 2.1 to 2.3) were examined along the Rio Grande within
the Laredo, Texas area. Total sample site stream length was 8,314 km. The riparian area contained
dirt roads, mesquite trees, tall grasses, and vegetation typically found in South Texas floodplains;
near the river’s edge Arundo donax (Carrizo) was also present. Potential anthropogenic influences
present were noted (Torres et al., 2012).
Site 1-Zacate Creek Area (Site 1-ZCA) was located downstream of the Zacate Waste
Water Treatment Plant (ZWWTP) (27°29’50”.16 N 99° 29’.10”W) at an elevation of 129 m. It
is the oldest waste water treatment plant located on the banks of the Rio Grande in the City of
Laredo, Webb County, Texas 78040. This plant has an average effluent discharge capacity,
during a two hour peak period, of 20,150 gallons per minute (gpm) equivalent to 76,226 liters
per minute of treated effluent containing chlorine levels that range between 3.2- 3.9 mg/l with
the highest acceptable level at 4.0 mg/L.
Site 2-Bridge I (Site 2-B I) rock outcrop was located upstream of the COMAPA
(Comision Municipal de Agua Potable y Alcantarillado) in Nuevo Laredo, Tamaulipas, Mexico
(27° 29’56’.71 N 99°30’ 34.79” W) at an elevation of 110 m. The rock outcrop is an area of
visible rocks only when the Rio Grande registers low levels of water flow such as in drought
seasons. There are a number of sewage outfalls present between Site 2-BI and Site 1-ZCA
(David Negrete, Civil Eng. per. comm.).
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Site 3-Jefferson Water Treatment Plant (Site 3-JWTP) intake was located on the concrete
platform (27° 31’ 26.31’’N 99° 31’ 27.57” W); the elevation for this site was 118 m. It is the
first and the oldest Drinking Water Treatment Plant (DWP) in Laredo, Texas. The Jefferson
Drinking Water Plant (DWP) has no known outfalls or effluent sources within 8.45 km upstream
of this site. It is the primary drinking water source for the Laredo, TX municipality.

Table 2.1 GPS locations of raw sewage outfalls along the Rio Grande study area (IBWC, 2011).
Outfall discharge(s) indicated with its relative position (upstream/downstream from Site
indicated) and distance, to each of the three individual collection Sites (TAMIU C.E.E.S., 2013).

Outfall

LATITUDE LONGITUDE Site 1-ZCA

Site 2-BI

Site3JWTP
2940
down

1

27.497256

-99.527972

7044 up

3593 up

2

27.496325

-99.520961

6822 up

3371 up

3162
down

3

27.496383

-99.518114

6505 up

3054 up

3479
down

4

27.49865

-99.528833

6451 up

3000 up

3533
down

5

27.498861

-99.525397

6379 up

2928 down

3605
down

6

27.498997

-99.524383

6299 up

2848 down

3685
down

7

27.499242

-99.523514

5894 up

2443 down

4090
down

8

27.499306

-99.523186

5651 up

2200 down

4333
down

9

27.499469

-99.5222

5271 up

1820 down

4713
down

10

27.499806

-99.50315

4851 up

560 down

5976
down

11

27.499717

-99.5014

2291 up

700 down

6164
down

12

27.498008

-99.514394

2100 up

891 down

8264
down
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Figure 2.1 The three collection sites and the nearest Nuevo Laredo, Tamaulipas, Mexico outfalls
within the study area. Outfall locations are approximate due to the close proximity of these
outfalls. Image was produced using ArcGis Version 9.2 (ESRI, 2006) provided by TAMIU
C.E.E.S. (2013).
Sample collections
Samples from each site were collected by grab sampling using a collection pole that would hold
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Figure 2.2 Estimated location of study sites superimposed on the map of the study areas for the
International Boundary and Water Commission U.S. Section, Texas Clean Rivers Program.
“Bacterial Characterization on the Rio Grande 2304, Laredo, TX and Nuevo Laredo, Tamps,
Mexico” (IBWC, 2011). Permitted U.S. wastewater discharges into the Rio Grande-Rio Bravo
with the three collection sites are indicated.
Sample bottles of different sizes, as samples were collected they were immediately stored on ice.
All samples were collected from the surface of the river flow at a depth of approximately 50 cm
with collection bottles facing towards the river current (downstream). For all three sites, the same
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Figure 2.3 Collection Sites 1, 2, and 3 as indicated using GPS coordinates.
Scale not provided (Google Earth, 2013).

Figure 2.4 The twelve sewage outfalls from Nuevo Laredo Tamps, Mexico located
within the study area of Sites 1, 2, and 3. Scale not provided (Google Earth, 2013).
quantity and sizes of collection bottles were used: 120 ml Idexx sterile bottles for bacterial
counts, 500 ml Nalgene (amber) sterile bottles for nutrient determinations, and 120 ml Idexx
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bottles for DNA extractions. All the sample bottles contained the following information:
Collection site, date, time of collection, and required tests. In situ water quality parameters were
assessed using a YSI Model 6600multiparameter probe (YSI Incorporated, Yellow Springs,
Ohio) previously calibrated according to the instruction manual. The following parameters were
taken for each of the three sites: depth, pH, water temperature, chlorophyll a, specific
conductivity, and optical dissolved oxygen (DO).
At Site1-ZCA, and Site 2-B I, the water samples were obtained by walking inward 10-15
meters from the edge of the river bank. Samples were taken when the water level was at least
60-70 cm. When walking into the river, care was taken to not disturb the sediment on either site.
For Site 3-JWTP, this was the only sample collected by standing on the concrete platform and
extending the collection pole. The depth of collection was not more than 50 cm in depth.
Total nitrogen
Total Nitrogen was determined for all samples using the method by Bachmann and
Canfield (1996). The analysis was done within 28 days of collection. Prior to analysis, samples
were acidified with a 0.2% H₂SO₄ to a pH of <2.0. This is a modified method that determines
the total nitrogen present within each sample and not the partial sources of nitrogen that may be
present. All nitrogen sources, ammonium-nitrogen (NH4⁺), NO2⁻, and or organic nitrogen
(Org-N), are oxidized to NO3--N using potassium persulfate (K2S2O8). The Kjeldahl-Nitrogen
procedure compares to the E.P.A. (1979) approved method involving the sum of nitratenitrogen and Kjeldahl-nitrogen which is the Total-N concentration as the sum of the NO⁻3N
and the Kj-N concentration. This allows for an estimation of the concentrations of nitrogen as
nitrate-nitrogen (NO⁻3-N) plus the measurement of nitrogen found in ammonium–nitrogen,
nitrite, nitrogen and organic nitrogen (NH4⁺, NO2⁻, NO-3⁻ and Org-N). The purpose of this
conversion is to reduce absorption due to organics within the water. The total nitrogen is
calculated using the second derivative of the absorbance at 224 nm.
Each sample was run in triplicate and an average was taken of the readings. To
determine the total nitrogen, a 10 ml subsample was placed into a sterile (25m x 200mm) screw
cap tubes; one blank of deionized water was included per set. This was followed by pipetting
1.5ml of oxidizing reagent which contained 6.0g K2S2O8 dissolved in 1.5ml NaOH. Screw caps
were placed on all sample tubes and inverted gently 10 times to mix. Tubes were then
autoclaved at 15 psi at 121°C for 30 minutes for complete digestion from nitrogen to nitrate and
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allowed to cool at room temperature. Samples were then acidified to a pH of < 2.0 with 0.2 ml
of concentrated H2SO4 (98% reagent grade). The pH level for each sample was measured using
a VWR 600 pH meter that was calibrated with 3 standard buffers: 4.0, 7.0, and 10.0; the slope
was 97.6%, prior to adding the acid (as a preservative). One ml of each sample was pipetted into
a 2-cm cell path length cuvette and measured for absorbance with the first reading at 275nm
followed by a second reading at 225nm. The spectrophotometer used for these reading was
Spectro 23 RS (Loomed, Inc. CA). Standards were used to calculate the OD at 225nm and OD
275nm, with corrections using blanks (dH2O) and the total nitrogen was calculated based on the
method by Bachmann and Canfield (1996).
Total phosphorous
The total phosphorous was determined for all samples using the method by Prepas and
Rigler (1982). The analysis was completed within 28 days of collection. This method allows for
the available phosphorous fraction to be assessed independent from the suspended inorganic
phosphorous that might be present in sediment within the water column. Unfiltered water
samples were used.
Each sample was run in triplicate and an average was taken of the readings. For each 50
ml sample, 0.4 g of K2S2O8 (potassium per sulfate) was added followed by 0.5 ml H₂SO4 for the
digestion reaction. After 45 minutes, the samples were neutralized with 1.5 ml of 10N NaOH.
This was followed by adding 5 ml of reagent solution (stock solution plus reagent solution). The
day of the analysis 5.17 g ascorbic acid were added to 100 ml of deionized H2O, followed by 400
ml stock solution. The stock solution, stored in an amber glass bottle, contained the following:
15 g of (NH4)6Mo7O24·4H2O (ammonium molybdate), 0.34 g of K22Sb2 (C4H22O6)2 (potassium
antimony tartrate), 140 ml H2SO4 of (sulfuric acid), and 1,650 ml of deionized water. Once the
neutralization was attained the absorbance was read at 885 nm within 30 minutes.
Heterotrophic plate counts
For each of the three sites, Site 1-ZCA, Site 2-B1, and Site 3-JWTP intake heterotrophic
plate counts (HPC) were performed using R2A agar media (Becton-Dickinson and Co.). Each
sample was serially diluted in 9 ml of sterile 0.85% NaCl up to 10-8 and plated in triplicate for a
final plate dilution of 10-1 to 10-9. An aliquot of 100µl of the raw water sample from each site was
used for the 10-1 dilution plate. This served as a positive control for each site and provided an
overall idea of the bacterial colony counts. Plates were incubated at room temperature (23°C) in
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a HACH incubator. The plates were checked for bacterial growth at 24hrs, 48hrs, 72hrs, and at
96 hours for the final count. Plates chosen for colony counts were those that exhibited an even
distribution of colonies. Although, a traditional culture based approach does not facilitate the
recovery of the whole bacterial community, the bacterial counts allowed us to assess, in part, the
bacterial abundance for each of the selected three sites (Calabria de Araujo and Schneider, 2008
Holben et al., 2004; Ibekwe and Lyon, 2007; Lyautey et al., 2005).
Statistical analysis of total nutrients and heterotrophic plate counts
One-way analysis (ANOVA) was performed on the total nitrogen, total phosphorous, and
heterotrophic plate counts using SPSS Version 16.0. When a significant difference (p < 0.05)
was detected between sites for each factor, Tukey’s HSD post-hoc test was performed using a
significance level of p < 0.05).
DNA extraction of water samples for DGGE analysis
For DNA extraction, samples were collected directly into 50-ml sterile conical tubes, as
previously mentioned (see Sample Collections). The samples were kept frozen at -25°C from
4/6/12 until 5/31/12 when samples were processed for DNA extraction. Duplicate 50-ml conical
tubes for each site were thawed out at in deionized H2O at ambient temperature. Once samples
thawed, all samples were centrifuged for 30 minutes at 9,500 rpm (Beckman Coulter Allegra X22R) at 25°C to concentrate the bacterial DNA. The supernatant was decanted and 1ml of sterile
molecular H2O was added to resuspend the sediment. Samples were vortexed to dislodge the
sediment and cells. Centrifugation for 5 minutes was repeated followed by suspension in 1 ml of
sterile molecular H2O. The Fast DNA Spin Kit for Soil (Qbiogene, Inc, Carlsbad, CA) was used
for the extractions with some modifications for water samples. All disposable materials (tubes,
etc.) were autoclaved in addition to being UV-crosslinked. Reagents from the kit were also UVcrosslinked except for the MT-buffer. For each sample, 500 µ1 of the slurry was added to the
matrix tube and the procedure followed the manufacturer’s protocol (Qbiogene, Inc, Carlsbad,
CA). For the final DNA elution, the filter with 50 µl of sterile molecular H2
O was allowed to incubate overnight followed by vortexing for 30 seconds and
centrifugation for 1 minute at 14,000 rpm. The extracted DNA was transferred to a new PCR
tube and frozen at -80°C. A negative control (molecular H2O) was used in the protocol as well.
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Quantification of DNA
For each DNA extraction, DNA was quantified using the manufacturer’s protocol for the
QuantiFlour dsDNA System (Promega, Madison, WI). All disposable materials (conical tube,
microcentrifuge tube, PCR tubes, aerosol barrier tips, etc.) and molecular H2O were UVcrosslinked. The dye was thawed on ice and kept in the dark. The TE (Ethylenediamine
Tetraacetic Acid-buffer solution) working solution (1X TE), preparation of the unknown DNA
samples, and the preparation of the Quantiflour dsDNA dye working solution (1X) were
prepared according to the manufacturer’s protocols with some modifications. All DNA samples
were diluted 40-fold by adding 2.5 µl of extracted DNA into 97.5 µl of the 1X TE. All tubes
were wrapped completely with foil prior to adding100µl of the 1X working dye solution. The
tubes were left to incubate for 10 minutes immediately following the first addition of dye. After
the 10 minute incubation, each PCR tube containing the unknown DNA was placed into the PCR
tube adapter (Promega, Madison, WI) and the DNA was quantified at 460 nm using a calibrated
curve for the blue fluorescent channel (Turner Biosystems Modulus Single Tube Multimode
Reader).
Concentrations of DNA were measured in ng /ml and multiplied by the dilution factor of
80 to convert to ng/µl. Prior to PCR amplification, DNA templates were diluted using molecular
H₂O to obtain a final concentration of 0.04 ng/µl for DGGE-PCR.
16S rRNA gene PCR for denaturing gradient gel electrophoresis
Genomic DNA was extracted from the water samples and used for the amplification of
the 16S rRNA gene. A 336-bp fragment of the bacterial 16S rRNA gene including the
hypervariable regionV9 of the domain bacteria was amplified from the DNA extracts using the
primers 1070F (1055-1070): 5’ ATG GCT GCT GCT AGC T 3’ and 1406R-GC (1392-1406): 5’
CGC CCGCCG CCCGC CCC GCG CCC GGC CCG CCC CCG CCC CAC GGG CGG TGT
GTA C 3’with GC clamp (Legatzki et al., 2011). The reaction mix for PCR reactions contained,
per 50 µl reaction mix: 23.25 µl of molecular H₂O, 5µl of Qiagen Hot Star Buffer, 5 µl of 5 µM
of primers, 5.0 µl of BSA, 4.0 µl of 10 mM dNTPs, 2.5 µL of DMSO, 0.25 µl Hot Star Taq, and
5.0 µl of template (0.4 ng/µl). The final concentrations per 50 µl reaction were: 1X Hot Star
Buffer, 0.5 µM of each primer, 400ng/µl of BSA, 200 µM of each dNTP, 5% DMSO, 0.02 U/µl
of Hot Star Taq DNA Polymerse (Qiagen, Inc., Valencia, CA, USA), and 0.04 ng/µl of DNA
template. The reaction conditions were: 95°C for 15 min, 30 cycles of 94°C for 45 s, 55°C for
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45 s, and 72°C for 30 s, followed by an extension at 72°C for 7 min and 25°C for 5 min. The
bacterial DGGE ladder was composed of 10 bands generated by 16S rRNA gene fragments
(1070F-1406R-GC) from mixed river isolates (C2-4 and C2-6) and two Pseudomonas
aeruginosa strains Boston 41501 and ATCC 2785. Bands were visualized and confirmed by
running the PCR products on a 2% agarose gel prior to DGGE.
DGGE procedure
All 16S rRNA-DGGE PCR products from the three sites, Site 1-Zacate Creek Area (Site
1-ZCA), Site 2-Bridge I (Site 2-BI rock outcrop), and Site 3-Jefferson Water Treatment Plant
(Site 3-JWTP), were run in duplicate. The D Code Universal Mutation System (Bio-Rad
Laboratories, Hercules, CA) is a vertical electrophoresis instrument used to run any vertical gelbased mutation detection method. The 100% acrylamide gel contained 7 M of urea and 40% of
deionized formamide. The denaturing solutions were prepared with urea-formamide using 45%
for the low and 70% for the high denaturing solutions, according to the manufacturer’s
instructions. The DGGE gel lanes were loaded using 40µl of PCR product. The bacterial DGGE
ladders were used as external references at the beginning and at the end of the gel. The ladders
consisted of PCR products from mixed river isolates (C2-4 and C2-6) and two Ps. aeruginosa
strain Boston 41501 (ATCC 27853). The bands were analyzed and evaluated using Quantity
One 4.6.9 (Bio-Rad Laboratories, Hercules, CA).
DGGE band excision
The gel was carefully removed from the DGGE chamber and placed in the SBRY green to stain
for 40 minutes and a quick destain in dH2O. After the gel was destained, it was placed on
transparency paper on the Transilluminator U.V. (Bio-Rad Laboratories, Hercules, CA) to excise
the selected bands (containing mixed OTUs) that were common to the three sites and those that
were unique to each of the three sites. The procedure to excise band from the gel was as
followed: 1.7 ml tubes were cross-linked for 30 minutes followed by the addition of 100µl of the
previously prepared elution buffer and cross-linked. The bands were cut out using a sterile
scalpel that was flamed with alcohol intermittently between excisions. When all bands were
excised, they were transferred to the tubes containing the 100 µl elution buffer followed by
incubating the tubes at 50°C for 30 minutes. The elution buffer contained the following: 10 ml
of 5 M NH4OAc, (ammonium acetate), 200µl of 0.5 M EDTA, add 85 ml of M.W., pH adjusted
to 8.0 with 10 N NaOH. The elution buffer final concentration used was 0.5 M NH4OAc, 1 mM
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of EDTA at pH 8.0 (Legatzki et al., 2011). After incubation residual acrylamide was pelleted by
centrifugation at 13,000 rpm for 1 minute following the Qiagen protocol. The supernatant
containing the DNA for each excised bands was transferred to 0.2 ml PCR tubes that were
previously sterilized and U.V. cross-linked. There were a total of 30 bands (now referred to as
operational taxonomic units, OTUs) excised. The first 24 OTUs were from Site 1-ZCA. For
Site 2-B I and Site 3-JWTP, three unique OTUs were excised from each, separately, for a total of
six additional excised bands. The OTUs of these two sites, Site 2 and Site 3, were considered
unique OTUs. The supernatant was frozen at -20°C. In this study, the OTUs were not cloned
and sequenced for identification but will be in a future study.
DGGE operational taxonomic units (otus) analysis report
The DNA bands obtained from the DGGE gel were evaluated in the following manner. It
was the hypervariable region V9 of the domain bacteria which was amplified to target the
microbial community of the selected sites from the Rio Grande- Rio Bravo (Rosario et al., 2007).
After each set (matching bands across the lanes) on the gel from each study site on the image
were identified, the OTUs were analyzed using a set of options provided by the software
program. These commands allow for the analysis of the bands first by defining the lanes,
followed by band detection, band attributes, and band matching. The reports were: Band type
report, Similarity Report by Lane and Similarity Matrix Report which both use the Dice
Coefficient formula. The hierarchal clustering analysis was completed using UPGMA which
produces a phenetic dendogram. Several applications were provided depending on the type of
analysis chosen (Quantity One Manual 4.6.9 by Bio-Rad, USA). Under the Comparison Options
from Quantity One, all OTUs known and unknown were selected. For this selection there are
other options to follow: if comparing similarities in all OTUs, one can select both band position
and intensity of the bands, or only band position when comparing samples (Bio-Rad, U.S.A).
OTUs are expressed as an Index that ranges from 0-1(1 suggests indistinguishable bands). The
difference lies in the weight of the number of positive and negative matches based on the
distance or similarity that is calculated; for this analysis similarities were calculated on all OUTs
(matched, matched unknowns, and unclassified) by lane position only (Bio-Rad, U.S.A.).
For the Dice coefficient analysis, the mathematical equation uses a vector representing
the bands found in each lane, vector S contains B elements (S= (s1, s2, and s3….s B) where B
represents the number of band types in the lane’s band set: Si is 1 if band if found on the lane; Si
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is 0 if the band type is not found. If S and T are two vectors representing two samples that are
related isolates then the similarity can be calculated. The Dice Coefficient has been employed in
the analysis of similarities of individuals (binary patterns) in the absence of knowledge of
ancestry of all the individuals in the population (Kosman and Leonard, 2005). The Dice
Coefficient is also called the coincidence index, since it measures the chance of one species
(band) occurring in the same sample (lane) as another, given the second band is present;
basically is the sum of all the bands that appear in both lanes, divided by the sum of all the bands
in both lanes and multiplied by 200. In other words, the equation can be explained as the sum of
bands that appear in both lanes divided by the sum of all bands in both lanes, multiplied by 200,
the question mark (?) represents the sum of all bands. Similarity = 200 x (? (Si, Ti))/ (? (Si + Ti),
while the equation for distance is Distance = 100-similarity (Boxall, 1999). The Dice coefficient
analysis (Table 3.2) from Quantity One 4.6.9 allowed the similarities/distances to be calculated
among each cluster (gel lanes 1-9) created by the UPGMA.
The UPGMA uses the mean similarity across all the data points; and uses a practical
algorithm, owing this stability to its arithmetic mean and to its sequence of reconstructing
divergence processes (Lowenstein et al., 2008). Its algorithm works by computing the average
similarity or dissimilarity of a candidate OTU (operational taxonomic unit) to an extant cluster
by weighting each OTU in that cluster equally, regardless of its structural subdivision (Sneath
and Sokal, 1973). These techniques were introduced to eliminate the extremes created by single
and complete clustering, whereby a formula is applied for an average either for similarity or
dissimilarity between OTUs, clusters, and an extant cluster. The four most common methods
that resulted required each one to meet two criteria each and each had to have two alternatives:
arithmetic averages vs. centroid clustering and weighted vs. unweighted clustering. Those that
employed the arithmetic average clustering method, worked by computing the arithmetic
averages of the similarities or dissimilarities coefficients between the OTU candidates for
admission and members of an extant cluster, or between members of two clusters that are about
to fuse. Arithmetic average clustering does not take into account S=similarity or U=dissimilarity
coefficients between members within the cluster so the density/compactness of the points that
make up the extant cluster or a candidate that is about to fuse with it, will not be a factor in
evaluating the resemblance between the two entities (Sneath and Sokal, 1973). Weighted
clustering was introduced in an attempt to give merging branches in a dendogram equal weights
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regardless of the number of OTUs carried on each branch. The subsequent development of
phenetic philosophy considered this approach undesirable. It was noted that unweighted
clustering which gives equal weight to each OTU in clusters and whose similarities with another
cluster is being evaluated, produced less distortion when phenograms were compared with
original similarity matrices (Sneath and Sokal, 1973).
There were a total of 9 defined lanes detected on the gel containing the DNA bands
(OTUs) for the three sites. A negative control and two ladders (positive controls) numbered on
the gel from 1-9 were included in the analysis (Figure 3.2). All bands were quantified and
detected choosing a set of adjustable parameters s provided by the Quantity One 4.6.9 software
which subtracted the background noise/intensity. For a realistic correlation of the communityband patterns, these were analyzed using a 4% tolerance, with a lower tolerance as an option for
those bands that were very close together and well defined. The relative quantity and relative
front for each band on each lane aided to establish similarities between each site and the bands
present. The relative position and the relative quantity for each band or all bands on the lanes
was the determinant factor. For this study, each DGGE band was assumed to be an Operational
Taxonomic Unit (OTU) (Singh and Ramaiah, 2011). The Similarity Report by lane compared
each individual lane to the reference lane, which was Site 1-ZCA (lane 7) used in this study, and
used the Dice Coefficient formula. Percent similarities from the individual lanes were ranked
from the highest to the lowest percent. A Similarity Matrix report compared the similarity of all
lanes to one another by pairwise comparison of all the lanes in the gel using the Dice Coefficient
formula to aid in the similarity report process. For example, if there are an N lanes in the gel,
then the similarity matrix is an N by N matrix that is computed using the Dice Coefficient as
described in section 12.4, 1-D Analysis Report (Bio- Rad, U.S.A.) The matrix had a diagonal
analysis which resulted in values of 100 percent because a lane would be 100 percent similar to
itself and the matrix is symmetrical, meaning e.g. Mij=Mji. The Dice Coefficient formula was
also used in the UPGMA hierarchical cluster report which uses algorithms.
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CHAPTER III
RESULTS
To compare the physicochemical characteristics between sites, the water quality
parameters measured were the following: water temperature, specific conductivity, pH,
chlorophyll a, ODO (optical dissolved oxygen), flow, total nitrogen and total phosphorous
(Table 3.1). During Spring of 2012 when water samples were collected, the water temperature
was 25°C, which is common to rivers in semiarid environments (Abasiofiok et al., 2011). The
conductivity was similar for all three sites (Table 3.1). The pH was 8.2 for all three sites; the Rio
Grande is typically alkaline with very little variation (Abasiofiok et al., 2011). Chlorophyll a
was the lowest at Site 2 with 2.5% less than that detected at Site1 and Site 3. The flow was at 43
m3/s constant for all three sites (Table 3.1).

Table 3.1 Physiochemical parameters measured at the three study sites. Measurements indicate
no marked differences for physiochemical parameters.
Sites
S1-ZCA

H2 O
(°C)
25.2

S2-BI
S3-JWTP

pH
8.11

Chl a
(%)
3.6

ODO
(%)
88.1

Flow
(m^3/s)
43

Cond.
(µS/cm¯1)
949

25.2

8.18

1.5

96.3

43

915

25.1

8.17

3.8

96.6

43

913

Total nitrogen and total phosphorous results indicated there were no marked differences
from the readings between the three study sites (Table 3.2). The mean total nitrogen for all three
sites was 1.82 mg/l. Site2-B I had a slightly lower value of 0.04 mg/l less in total nitrogen. The
one way ANOVA results for the nitrogen and phosphorous results were not significant at p <0.05
for the three sites. For all the three sites, mean nitrogen and phosphorous levels were similar: the
mean nitrogen concentration at 0.82 mg/l; mean phosphorous at 0.23 mg/l. The mean N: P ratio
was 7.82. The mean values (log CFU/ml) for each of the sites were: Site 1-ZCA, 3.97; Site 2BI, 3.80; and Site 3-JWTP, 3.40.
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Table 3.2 Nutrient content (N and P) of the three study sites. Data presented as means ±
standard deviation for the three study sites. Measurements indicated no marked variability
between the sites for the total nitrogen and total phosphorous.
P
(mg/l)
0.24 ± 0.06

N: P

S1-ZCA

N
(mg/l)
1.82 ± 0.07

S2-BI

1.79 ± 0.00

0.22 ± 0.06

8.14

S3-JWTP

1.86 ± 0.07

0.24 ± 0.04

7.75

Mean Heterotrophic Bacterial Counts
(mean log CFU/ml)

Site

4.5
4.0

A

B

3.5

7.58

C

3.0
2.5
2.0
1.5
1.0
0.5
0.0
S 1-ZCA

S 2-BI

S 3-JWTP

Sites

Figure 3.1 Heterotrophic plate counts for water samples collected from three sites along the Rio
Grande. Individual replicates were log-transformed. The one-way ANOVA indicated
significant differences (p=0.006) for HPCs between the sites. Different letters indicate
significant differences between means using the Tukey’s HSD (post- hoc test) at p < 0.05.

The highest bacterial counts were present at Site 1-ZCA, which is downstream of the Zacate
Creek WWTP, while the lowest bacterial counts were present upstream, at Site 3, nearest the
drinking water treatment plant. Additionally, there was a half-log difference between
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heterotrophic plate counts (HPCs) for Site 1 and Site 3. A one-way ANOVA indicated that there
were significant differences (p=0.006) in HPCs among the three sites, while the Tukey’s HSD
post-hoc test indicated that the HPCs of all three sites were significantly different (p<0.05) from
each other (Figure 3.1).
DNA quantification
For each collection site, the DNA was quantified prior to DGGE PCR in order to
standardize the DNA concentration to 0.04 ng/µl. The DNA content of the duplicate DNA
extractions from each site were: Site 1-Zacate Creek Area, 0.3752 ng /µl and 0.0736 ng /µl; Site
2-Bridge I, 0.1904 ng/µl and 0.1296 ng /µl; and Site 3-Jefferson Water Treatment Plant, 0.1368
ng/µl and 0.1664 ng/µl.
DGGE analysis
Prior to the DGGE analysis, distinct bands were excised and provided a code number
(Figure 3.2). A total of 30 unique bands recognized visually after UV exposure and
photographing the DGGE gel, were excised and stored for future bacterial identifications. Most
of these bands (30) corresponded to the bands recognized by the Quantity One software (Figure
3.2 and Table 3.3). A limitation of DGGE analysis, especially when faint bands can be seen, is
that not all of the bands will be recognized by the Quantity One software. Due to this, manual
adjustments were made as necessary within the software package prior to completion of DGGE
band matching analysis.
Analysis of the microbial community using DGGE allowed for detection of the most
common OTUs and those unique to each of the three sites. Site 1-Zacate Creek Area (Figure3.3,
Lane 7) was used as the reference during the band matching process for the other two sites
because it contained the highest number of OTUs present. In this study, the DGGE analysis was
performed using Quantity One 4.6.9 software program based on band detection band attributes
(relative front and relative quantity), and the Dice Coefficient to compare similarities between
site DGGE profiles (Figure 3.3). This resulted in three reports: the Band Types Report
diagramming all bands present and absent (Table 3.4), the Similarity Report by lane comparing
the similarities between each lane to the reference Lane 7 (Table 3.5); and the Similarity Matrix
Report producing a pairwise comparison of each lane using Dice Coefficient (Table 3.6).
Additionally, a phenetic tree was constructed using the hierarchical cluster method UPGMA to
compare distances between the sites (Figure 3.4).
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Figure 3.2 Denaturing gradient gel electrophoresis (DGGE) profiles of the PCR-amplified 16S
rRNA gene fragments from samples collected. Profiles for each site (with duplicates) are shown
along with negative control and two ladders composed of 2 sets of unknown mixed river isolates
and Pseudomonas aeruginosa strain Boston 41501 (ATCC 27853). The numbered OTUs
indicate excised OTUs (both common and unique to the sites). OTUs were numbered from top
to bottom.
Molecular markers have been used to characterize genetic diversity within or among populations
or groups of individuals by analyzing banding patterns of each individual band OTUs
(operational taxonomic units) in a single gel run (Legatzki et al., 2011). When analyzing
banding patterns of molecular markers, the data is typically coded as 0 and 1 vectors, 1
indicating presence and 0 indicating the absence of the OTUs at a specific location on the gel
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Table 3.3 Band code for excised bands from the DGGE gel comparing community 16S rRNA
fingerprints from PCR-amplified DNA extracts of three sites along the Rio Grande. The source
of the band (lane) and its corresponding band code produced by the band matching analysis of
Quantity One 4.6.9 in Lane 7, designated as the reference site.
Band Code

Source Lane

Corresponding Band
(Lane 7)

1-1
1-2
1-3
1-4
1-5
1-6
1-7
1-8
1-9
1-10
1-11
1-12
1-13
1-14
1-15
1-16
1-17
1-18
1-19
1-20
1-21
1-22
1-23
1-24
2-25
2-26
2-27
3-28
3-29
3-30

8,7,
8,7
8,7,6,5,4,3
8,7,6,5,4,3
8,7,6,5,4,3,
8,7,6,5,4,3
8,7,6,5,4,3
8,7,6,5,4,3
8,7,6,5,4,3
8,7,6,5,4,3
8,7,6,5,4,3
8,7,6,5,
8,7,6,5,4,3
8,7,6,5,4,3,
8,7,6,5,4,3,
8,7,6,5,4,3
8,7,6,5,4,3,
8,7,6,5,4,3
8,7
8,7,6,5,4,3,
8,7,6,5,4,3
8,7
8,7,6,5
8,7,6,5,4,3,
5
5
5
3
3
3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
none
none
none
none
none
none
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Figure 3.3 Band matching analysis of the DGGE gel profiling the 16S rRNA gene amplified
from DNA extraction of three Rio Grande sites. The reference site used was Site 1-ZCA (Lane
7). All OTUs were matched to this site: unclassified OTUs (yellow bands) could not be matched
to Site 1-ZCA.

(Tarik, 2010). Similarity coefficients are specific for binary (dichotomic) variables. They are
based on comparison between co-occurring bands (da Silva Meyer et al., 2004). Operational
taxonomic units (visualized as bands) are expressed as an index that ranges from 0-1 (1 suggests
indistinguishable bands). In the DGGE analysis for this study, all bands were detected by band
attributes such as relative front and relative quantity. These attributes such as the Relative Front
allowed the method selection for calculating the relative positions of bands in lanes. The
Relative Front is the distance of a band from the top of its lane divided by the length of the lane;
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the length is determined by measuring a vertical line from the top of the lane to the bottom (if the
lane is curved) it measures it along the length of the lane. The Relative Quantity is the quantity
of a particular band as measured by its intensity, expressed as percentage of either the total
intensity of all bands in the lane or the total intensity of the lane (including areas between bands).
Site 1-Zacate Creek Area (Figure 3.3, Lane 7) was used as the reference during the band
matching process for the other two sites because it contained the highest number of bands
present. Those OTUs (bands) that were not matched to the reference Site 1-Zacate Creek Area
are light grey in color (Figure 3.3) and considered ‘unknown’ or unclassified OTUs. Phylotype
richness was greatest at Site1-ZCA with a total of 28 OTUs. Site 2- Bridge I had a total of 25
OTUs, and Site 3-Jefferson Water Treatment Plant had a total of 23 OTUs. There were a total of
5 unknown OTUs for Site 2 and 4 unknown OTUs for Site 3. Only 21 bands were shared
between the two sites.
The number of commonalities (bands) at all sites were 23 OTUs for Site1, Site 2, and Site
3 (Table 3.4). Matched OTUs demonstrate high similarity and close relatedness between the
three study sites. The number of OTUs in common between paired sites were as follows: Site 1
and 2, 25 OTUs; Site 2 and 3, 21 OTUs; and Site 1 and 3, 22 OTUs. Five unique OTUs were
detected for Site 1 only: 3, 4, 8, 12, and 16. The duplicate DGGE profiles (Lanes 5 and 6) for
Site 2 showed more variation than the Site 1 or Site 3 duplicate DGGE profiles. Both lanes for
Site 2 were missing Band Types 3, 4, and 8 which were observed in Site 1. However, Band
Types 12 and 18 were absent in Lane 5 but present in at least one Site 3 DGGE profile. Also,
Band Type 17 was present in Lane 5 (Site 2) and both Sites 1 and 3 but absent in Lane 6. The
presence of unclassified OTUs that could not be matched to any OTUs from Site 1 are most
likely unique to each of the study sites. Overall, Site 1 and Site 2 were more similar to each
other than to Site 3.
Comparison of lane images, phenetic tree, and similarity matrix
The similarity report by lane analysis (Table 3.5) compares the lanes in decreasing order
of similarity (matched, matched unknowns, and unclassified) to the reference, Site 1 (Lane 7),
using an un-weighted analysis. The Dice Coefficient formula was used to evaluate the relative
similarity between the OTUs where 100% indicates identical distribution of DGGE bands to Site
1, the reference lane. Site 1-ZCA was chosen as the reference because it contained the maximum
number of OTUs present that were in common with all three sites. Since it was compared to
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Table 3.4 Band Types Report for DGGE analysis. The Band Types Report is a schematic
representation of all the bands and lanes on the gel as detected by Quantity One 4.6.9 software.

itself, it was 100% similar to itself. The lowest similarity (%) observed when comparing all the
matched OTUs by lane was the two (ladder) controls with 48.6 % similarity followed by the
highest, Site 2, with 92.3 % similarity, and Site 3 with 90.2% similarity. The percent similarities
observed from the three river sites, Site 1-Zacate Creek Area, Site 2- Bridge I, and Site 3Jefferson Water Treatment Plant, showed a high percentage of relative similarity, > 90% when
compared to Site1. The Similarity Matrix Report compares all lanes by pairwise comparison
with no reference lane (Table 3.6) using the Dice Coefficient formula for all possible
comparisons. For example, if there are N lanes in the gel, then the similarity matrix is an
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Table 3.5 Similarity Report of matched OTUs by single lane comparison using Dice Coefficient
analysis. All matched OTUs were compared to Site 1-ZCA (Lane 7). The results indicated a
high similarity amongst all bacterial community profiles.
Lane

Site

Similarity %

8

Site 1 ZCA

100.0

7

Site 1 ZCA

100.0

6

Site 2 B I

92.3

4

Site 3 JWTP

90.2

5

Site 2 B I

90.2

3

Site 3 JWTP

88.0

9

Ladder

48.6

2

Ladder

44.4

1

Negative Control

0.0

N by N matrix that is computed using the Dice Coefficient. The matrix has the following
properties. The diagonal analysis resulted in having values of 100 percent because a lane is
always 100 percent similar to itself and the matrix is symmetrical meaning e.g. Mij=Mji. The
Dice Coefficient formula employed was: S=2a/ (b + c) where a represents the number of bands
present in both profiles, b refers to number of bands present in profile 1, and c represents the
number of bands present in profile 2. The Dice Coefficient formula does not account for
negative co-occurrences or absence of bands in the similarity measure (da Silva Meyer et al.,
2004). Based on the Dice Coefficient calculations, all lanes reported the following similarity
coefficients between duplicates for the three sites: Site 1-Zacate Creek Area with 96.6 %,

40
Table 3.6 Similarity Matrix Report based on Dice Coefficient comparing all lanes to each other.
Lane

1
Negative
Control

2
Ladder

3
Site 3
JWTP

4
Site 3
JWTP

5
Site 2
Bridge I

6
Site 2
Bridge I

7
Site 1
Zacate

8
Site 1
Zacate

9
Ladder

1
Negative
Control

100.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

100.0

41.5

51.3

43.3

43.7

42.1

40.1

73.3

3
Site 3
JWTP

0.0

41.5

100.0

94.3

92.3

84.4

85.0

81.8

34.6

4
Site 3
JWTP

0.0

51.3

94.3

100.00

92.2

89.7

86.8

83.6

43.2

5
Site 2
Bridge I

0.0

43.3

92.3

92.2

100.0

89.8

83.6

83.8

41.0

6
Site 2
Bridge I

0.0

43.7

84.4

89.7

89.8

100.0

88.9

89.1

52.5

7
Site 1
Zacate

0.0

42.1

85.0

86.8

83.6

88.9

100.0

96.6

46.3

8
Site 1
Zacate

0.0

40.1

81.8

83.6

83.8

89.1

96.6

100.0

44.0

9
Ladder

0.0

73.3

34.6

43.2

41.0

52.5

46.3

44.0

100.0

2
Ladder

Site-2 Bridge I with 89.8 %, and Site 3-Jefferson Water Treatment Plant Intake with 94.3 %.
The most similar duplicates were within Site 1 and Site 3, with the least similar duplicates for
Site 2.
The values obtained from the Similarity Matrix Report using the Dice Coefficient
formula (Table 3.6) were used to elucidate the phenetic distances between each of the three sites
of the Rio Grande-Rio Bravo. UPGMA, a clustering method for binary data, uses pair wise
similarities of the DGGE patterns to infer a (phenetic) dendogram by sketching the distances in a
graphical form.
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Figure 3.4 Cluster grouping of (group average) similarities between bacterial communities
assessed by 16S rRNA gene fragment DGGE profiles by UPGMA. DGGE profiles and the
molecular ladder consisted of a negative control, two ladders composed of 2 sets of
unknown mixed river isolates (C2-4 and C2-6), and Pseudomonas aeruginosa strain Boston
41501 (ATCC 27853).
The distances obtained by the cluster method, UPGMA, were used to compare it against the
distance line on top of the dendogram for illustration purposes. In this phenetic analysis chart,
there are no ancestral roots shown on the dendogram. Each sample origin was a potential factor
in the bacterial assemblages, so the duplicate DGGE profiles grouped according to the location
and most likely, the presence of external influences (Abasiofiok et al., 2011). Site 2-Bridge I, is
the only site that clustered separately between the two sites. Site 1-ZCA is geographically closer
to site 2-B1 than to site 3-JWTP. The three study sites diverged close to the 0.855 mark by
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clustering into two separate groups: Site 1-ZCA and Site 3-Jefferson Water Treatment Plant; Site
2-BI Lane 5 with Site 3-JWTP and Site 2-B I Lane 6 with Site 1-ZCA. In terms of duplicate
DGGE profiles within each sampling site, the similarities were as follows: Site 1-ZCA had a
similarity of 0.97; Site 3-JWTP had a similarity of 0.94; Site 2-B1 duplicates diverged with a
similarity of 0.898 to the Site 1 cluster and the Site 3 cluster. The differences between each of
the sites were minimal: between Site 2-BI and Site 1-ZCA was only a 0.068 unit difference;
between Site 2-BI and Site 3-JWTP was a difference of 0.045; and between Site 1-ZCA and Site
3- JWTP was only 0.023 difference in similarity. As previously mentioned, Site 2 ended up
closer per distance to Site 3 than to Site 1. As previously mentioned, Sites 2 and 3 did not
contain Band Types 3, 4, and 8, which were unique to Site 1, in either duplicates.

43
CHAPTER IV
DISCUSSION
Rio Grande water quality
Physiochemical analyses included in this study for each of the sites were: H2O
temperature, sp. conductivity, pH, depth, chlorophyll a, and ODO (optical dissolved oxygen).
These parameters were chosen to explain any potential differences in water quality between the
sites that could affect the microbial communities (Abasiofiok et al., 2011; Mendoza et al., 2004;
Poitelon et al., 2010; Winter et al., 2007). Most of the water parameters resulted in the values
being very close for each of the three sites. At Site 1-ZCA, the ODO was 8.5% lower than the
ODO at Site 2-BI and Site 3-JWTP. Site 1 had the lowest oxygen level, possibly as the influx of
bacterial overload reaching this site from the Nuevo Laredo, Mexico outfalls (sewage) and the
effluent discharges from the ZWWTP. Site 3 had the highest level of ODO at 96.6 % probably
due to daylight photosynthesis and aeration diffusion processes and no exposure to nearby
municipal discharges, for Site 3 the closest effluent discharge is located at distance of 8.5 km
upstream of the JWTP intake (Weber et al., 2011).
Site 2 had the lowest chlorophyll a content when compared to Site 1 and Site 3. The
lower chlorophyll a content at Site 2 was an excellent level of chlorophyll a at this site, in terms
of water quality parameters. A reason for this could be that at Site 2, bacteria are the dominant
taxa which produce less chlorophyll a (Horne and Goldman, 1994).
The total nitrogen and total phosphorous analyses showed no marked variability between
the sites with no statistical difference (one-way ANOVA, p>0.05). It is crucial to measure the
nitrogen and phosphorous as the concentrations of these nutrients can be indicators of nutrient
loading. Elevated levels might indicate deficiencies or excesses that can lead to eutrophication
in rivers, lakes, and reservoirs. The nitrogen and phosphorous content in rivers are variable for
two reasons, 1) the chemical speciation of N and P are dependent on water conditions and 2) the
influence of anthropogenic inputs on these nutrients (Meybeck, 1982). The nutrient levels
detected in this study are associated with rivers where municipal sewage (oldest causes of
eutrophication) and waste water discharges(effluent discharges) are present such as the Rio
Grande-Rio Bravo causing overload of nutrients, possibly influencing the bacterial levels at Site
1and Site 2 (Figure 2.4). Taking into account the distances between the three sites, the
differences could possibly be attributed to the bacterial levels between Site 2 and Site 1 as a
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result of the anthropogenic influences such as effluent discharges on the U.S. side and municipal
(storm runoff and sewage) discharges originating from the Nuevo Laredo, Mexico’s side. On the
other hand, Site 3 was located upstream at a distance of 5,173 km from Site 2 and distant from
any observed urbanization on both sides of the river. The nutrients present at Site 3 are possibly
originating from the autochthonous (sediment, soil, and runoff) and allochthonous materials near
Site 3 (Horne and Goldman, 1994; Weber et al., 2011). The lack of water clarity and the green
color observed most of the year in the Rio Grande-Rio Bravo and at the three collection sites are
indicators of eutrophication (Horne and Goldman, 1994). The outfall discharge amounts from
Nuevo. Laredo, Mexico were not accounted for in this study.
Bacterial numbers and diversity
Culturable based counts are important in investigating the microbial ecology of natural
and anthropogenically impacted environments and as indicators of the prevalence of bacterial
populations (Rastogi and Sani, 2011). In this study, the heterotrophic plate counts were
significantly higher (one-way ANOVA, p<0.05) for Site 1 with decreasing counts at Sites 2 and
then 3. The main organisms recovered by HPC are those that are ubiquitous and are able to
sustain growth on selected agar media. In the study by Hasan et al. (2010), the HPC counts
results in water samples from six sites in the city of Dhaka, Bangladesh ranged from 103 – 106
CFU/ ml; these counts were similar to the counts obtained from the three study sites on the RioGrande/ Rio Bravo. Heterotrophic plate counts do not account for species richness but
correspond to bacteria that are cultivable and abundant, still 99% of the bacteria are not
recovered under traditional culture methods (Hasan et al., 2010). The OTUs represent the
phylotype richness recovered from the DGGE results. These results are based on the
amplification of the 16S rRNA gene used for identification whereby each OTU can represent
more than one bacterial species (Poitelon et al., 2010). The community phylotype richness levels
for Site 1 and Site 2 are possibly influenced by the continuous exposure of discharges giving rise
to higher levels of OTUs present at these sites. At Site 3, the lower phylotype richness detected
was possibly attributed to less influence by urbanization such as an absence of effluent
discharge, and hence less organic matter along with a diversity of organic compounds that would
support a broader diversity of bacterial phylotypes. Further, there is less potential for inoculation
of new phylotypes from fecal matter that may be present in effluent discharge or outfall
discharge (Hasan et al., 2010). The elevated heterotrophic plate counts from Site 1 and Site 2 are
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possibly influenced by the releases from the effluent and municipal discharges concentrating at
Site 1; these outfall discharges (storm runoff and sewage) were not accounted for but are noted
between Site 2 and Site 1(Figure 2.4).
The HPC results could be indicative of a factor(s) contributing to the differences in
abundances between sites rather than random variability from each of the three sites. The OTUs
(DGGE bands) that resulted from the 16S rRNA gene fragments analysis from the gel for all
three sites showed that the higher phylotype richness was present at Site 1, which is a receiving
site for the effluent from the Zacate Creek WWTP and downstream of twelve outfalls. As sites
were sampled upstream from this site, phylotype richness decreased with the lowest phylotype
richness observed at Site 3. The similarity results of the Dice Coefficient matrix resulted in all
duplicates for the three sites being closely related based on the pairwise comparisons. The
hierarchical cluster analysis by UPGMA showed that the similarities were very close based on
the distances calculated wherein all three sites were very similar and close to 1.00. Site 1-ZCA
was followed by Site 3-JWTP, which was closer in distance to Site 2-BI. Bacterial counts,
phylotype richness, band matching analyses, and the UPGMA cluster analysis all demonstrate
that Site 2-B1 could be considered an intermediate site between the other two sites whereby the
OTUs are a composite from both sites.
Microbial community similarities between sites
DGGE analysis results might not provide the total richness composition since one band
can represent more than one species; nonetheless, these profiles can be used as a screening tool
to observe major differences in phylotype richness between various or multiple samples. This is
very important because if certain phylotypes are impaired, this may affect the overall community
to normally degrade organic matter and affecting their nutrient cycling (Rosario et al., 2007).
Differences in microbial community structure provides information on the effects of the
disturbances and stress on the biological integrity of the ecosystems but it does not convey
information regarding ecosystem functions. Not all species richness might represent functional
diversity within a community; the possibility might be a level of species richness that is not
surfacing because of the lack of availability, functions, and cellular processes that might have
been compromised (Rosario et al., 2007; Wakelin et al., 2008). This becomes an issue of
concern because of if a level of species richness (populations present) has been compromised this
might inevitably affect the bacteria’s abilities to normally degrade organic matter and affect the
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nutrient cycle (Wakelin et al., 2008). The Rio Grande-Rio Bravo has had its shares of
environmental perturbations caused by urban outfalls (sewage outfalls, storm water runoffs, etc.)
and natural disturbances (flood, droughts) that might alter the existing bacterial community thus
affecting the water quality of a bi-national drinking water source (Winter et al., 2007; Wu et al.,
2009); therefore, profiling the species richness in a major water source such as the Rio GrandeRio Bravo is a priority.
In this study, the bacterial community composition was analyzed using a (phenetic)
similarity tree with hierarchical cluster algorithm, the UPGMA cluster method. Most clustering
methods use algorithms which employ the same clustering methods, but only differ in the
formula for determining the minimum distance. The UPGMA is considered a space conserving
cluster method because it gives the most plausible clusters and is the least affected by outliers. It
is also called the weighted average linkage, and it works by weighting the distances with the
number of objects of the groups involved.
The dendogram of the unweighted pair group method (UPGMA) demonstrated the sites
clustered into 2 main clusters and based on the DGGE analysis, both indicate that they are very
similar to each other. The results of the distances calculated by the hierarchical cluster method
UPGMA works by marking a distance line on top of the dendogram to calculate the distances for
each site (Figure3.4). In this phenetic analysis chart, there are no ancestral roots shown on the
dendogram. Based on the cluster method by UPGMA, the two ladders (positive controls) were
only similar by 0.733. This lower similarity could be accounted for by the way that bands
traveled through the gel, the PCR product not originating from the sites, or how they moved
through the gel’s porosity (Boxall, 1999). Site 1 and Site 3 clustered separately based on their
distances and was probably due to the site differences, as previously mentioned. Site 2 is
physically located between the two sites, separated into two clusters as its distances, which also
supports this site as being considered an intermediate between the two.
The distances for each the three sites started above the 0.80 mark indicating that the
OTUs (Figure 2.4) are closely related in spite of the site origin, distances, and external
factors(sewage outfalls) present between Site 1-ZCA and Site 2-BI and which are not present on
Site 3-JWTP. The cluster analysis indicates that the bacterial communities of all three sites,
based on distance, are closely related to each other given the geography, exposure to urban
outfalls, and HPC results. The heterotrophic bacterial abundance recovered from the three sites
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does not necessarily translate into an increase in species richness, but levels of species richness
from Site 1 and Site 2 could be due to the source inputs or anthropogenic disturbances which
allowed for different levels and novel species to be recovered from each of these sites. The
twelve outfalls from Nuevo Laredo, Tamaulipas, Mexico between Site 1-ZCA and Site 2-BI
were not accounted for in this study, but should be considered as a contributing factor for future
research.
Site 2-B I clustered separately between Site 1-ZCA and Site 3-JWTP. The fact that Site 2
clustered with Site 1 and Site 3 is indicative that Site 2 is an intermediate site for the other two.
The two branches clustered based on the distances between Site 1 and Site 3; one branch ended
closer to Site 3 than to Site 2 indicating Site 2 as an intermediate. Site 1 and Site 3 clustered
separately supporting their distances, and sites origin, as previously mentioned, nonetheless their
overall similarity must be considered.
By comparing the methods employed in this study to establish similarities such as the
Dice Coefficient and the cluster analysis UPGMA, both methods employed different
formulations providing slightly different results as per the similarities established within and
between sites. The Dice Coefficient evaluates the relative similarity between the DNA profiles
from each Site, where a 100% indicates an identical distribution of the DGGE bands present on
the other Sites and does not account for negative co-occurrences. Meanwhile, the UPGMA, a
hierarchical cluster algorithm uses the arithmetic mean to establish mean similarities across all
cluster data points, which carries the practical implications for understanding tree processes
undergoing molecular evolution (Lowenstein et al., 2008; Opperdoes, 2012). Both approaches
are correct, but the hierarchical cluster depicted the actual bacterial assemblages as they clustered
as per distances, site origins, and anthropogenic influences when present or absent which Dice
Coefficient Analysis did not (Abasiofiok et al., 2011; Wakelin et al., 2011).

48
CHAPTER V
CONCLUSION
The earth’s biosphere is dominated by microorganisms and contain about 4-6 x 10³º
prokaryotic cells. This represents at least two to three orders of magnitude more than all of the
plant and animal cells combined. Microorganisms are highly diverse group and constitute about
60% of the earth’s biomass. They are essential key players in ecological processes such as soil
structure formation, decomposition of xenobiotics (drugs, pesticides, carcinogens) and recycling
of essential elements: carbon, nitrogen, phosphorous, sulfur, and nutrients. They modulate
global and geochemical cycles and influence all life on earth; directly or indirectly all the
biosphere depends on microbial activities (Rastogi and Sani, 2011).
Numerous studies have shown that individual bacterial populations are highly dynamic
and can adapt to the fluctuations in resource availability from organic carbon, nitrogen,
phosphorous, and to the overall food web structure. Other studied have shown that changes in
microbial structure can be related to seasonal cycles in the source water and dissolved organic
matter. In aquatic ecosystems bacterial populations play an essential role in the transition and
removal of nutrients in order to sustain the energy flow particularly in rivers bacterial
populations play a very important role in the biodegradation of allochthonous (outside of the
river stream) substances (Araya et al., 2003).
Physical and chemical factors may at times cause changes in the bacterial composition in
the water column affecting the overall quality of the water; by assessing the surrounding
geography, and physiochemical factors such as water temperature, pH, dissolved oxygen, etc.
allows to correlate for differences between diverse microbial communities. This informs us how
microorganisms tolerate exposure to various kinds of environmental sources (sewage outfalls,
urban outfalls, effluent discharges, riparian zones etc.) and increases our understanding of the
microbial ecology and evolution, and with its impact on public health. Also by studying
environment types that might contain most phylogenetic diversity or species richness, helps
determine where new sequences are necessary to catalog global bacterial diversity and at the
same time discover new and deep branching lineages (Abasiofiok et al., 2011).
The Rio Grande-Rio Bravo has been a major source of water several cities in the United
States and Mexico including Laredo, Texas and Nuevo, Laredo Tamps, Mex., it is the primary
watershed for this bi-national region with semi-arid environments. Its natural water source is
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used for industry, agriculture, domestic water supply, recreation, and as a wild life habitat for
both countries on the border, but it also serves as a repository for infectious organisms and toxic
contaminants as well (Mendoza et al., 2004). For decades, the Rio Grande has been monitored
for total and fecal coliforms and lately E. coli is has become the main indicator organism for
water quality, but its microbial community composition has never been studied. It is a known
fact that several areas of the Rio Grande are already impaired based on the geometric mean
exceeding the acceptable level of 126 col/100 ml of fecal coliforms (IBWC, 2011).
Physiochemical parameters provide information on the conditions of water bodies in
relation to their natural variability, human influences, effects, and uses. The use of water
parameters helps to elucidate the general state of a water body (lake, river, stream, etc.) and
observe for those factors that might be contributing to changes in the complex microbial
communities present in natural ecosystems (Hasan et al., 2010).
It is known that traditional culture based methods used for analyzing bacterial abundance
or bacterial composition on river, lakes, or marine samples limit the recovery of the whole
bacterial community or richness because agar media will not support or recover the whole
bacterial community in their entirety. Traditional culture methods also hinder those bacteria that
are responsible for the effects or present changes in the bacterial community including those
bacteria which are specific as pollutions indicators, since these are those that do not grow under
laboratory conditions and remain viable but non-culturable-VBNC (Rastogi and Sani, 2011).
Recently, the significance in the cultivation based on HPC has been under discussion since new
direct-target microbiological and molecular tools are capable in determining in situ bacterial
populations in water and regardless of the HPC procedure applied, the bacterial recovered
remains at < 1% (Hasan et al., 2010).
The original hypothesis was that the original bacterial composition for all the three study
sites would be different, but based on the results, the null hypothesis is accepted since Site 1Zacate Creek Area, and Site 2-Bridge I, and Site 3-Jefferson Water Treatment Plant all OTUs on
the three collection sites were relatively similar to each other. Although external factors are
present between sites; the external factors for Site 1-ZCA and Site 2-B1were not accounted for in
this study; nonetheless, the results of the similarities displayed on the phenetic dendogram
indicates that number of OTUs present demonstrated a strong similarity between the sites. The
levels of similarity from the OTUs indicate similar levels of bacterial richness for Site 1 and Site
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2, potentially due to the influx of novel phylotypes arising from the presence of discharges as
previously mentioned. As for Site 3, the phylotype richness might well be attributed to a site
with no known registered outfalls. At the same time the OTUs (operational taxonomic units) are
probably responsible in part for the ecological balance of the water column for the sites of the
Rio Grande-Rio Bravo (Legatzki et al., 2011; Wakelin et al., 2008).
It is my recommendation to continue monitoring the microbial composition of the Rio
Grande-Rio Bravo in other sites, especially those sites that are exposed to continued pollution
and eutrophication from rich organic outfalls (sewage, fertilizer runoff) and those exposed to
high chlorinated levels of effluent discharges. The Rio Grande-Rio Bravo is an effluent
receiving river with seasonal flow variation due to long periods of drought and scarcely any rain,
these and other physiochemical values might eventually result in permanent changes to the
bacterial communities and on the water column affecting the overall quality of the water
(Abasiofiok et al., 2011).
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